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Abstract 

The gas phase reactions of the metal dicarbonyl anion Fe(CO)~- with fifteen isotopically unlabelled, D- and 13C-labelled C2_ o 
alcohols have been studied by the use of Fourier transform ion cyclotron resonance mass spectroscopy. Several competitive 
reaction channels which are related to the structures of the alcohols as well as their carbon content have been identified for 
these systems. For the primary alcohols, separate decarbonylation and dehydrogenation channels along with a channel involving 
C - H  and O - H  bond activations to give Fe(CO) 3 as an end product have been identified. With C3_ 6 primary alcohols the 
predominant terminal reaction product is one which involved b/s-dehydrogenation of a collision complex. For secondary alcohols, 
no Fe(CO) 3 product ions were detected and the dominant reaction channel was one which resulted in b/s-dehydrogenation of a 
collision complex. With tertiary alcohols, ROH, the major ionic and dehydrogenated product was of the type [(CO)2Fe(OR-H)]-. 
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I. Introduction 

Electron deficient and coordinatively unsaturated 
carbonyl metallate ions [Metal(CO)x]-  are now well 
recognized reactive species in the condensed phase 
[1,2] and are increasingly being shown to undergo a 
diversity of reactions with molecular  substrates in the 
gas phase [3-9]. New advances in this area of experi- 
mental  gas phase ion chemistry have been made possi- 
ble recently by the applications of Fourier  transform 
ion cyclotron resonance (FTICR)  [10-15] and flowing 
afterglow (FA) [16,17] spectroscopic techniques. The 
advantages as well as the limitations of these instru- 
mental  methods for the study of solvent-free i o n /  
molecule reactions in the gas phase have been the 
subjects of recent detailed reviews [10,13,15,17]. 

Recently there has been some qualitative support  
for the view that electron deficiency coupled with coor- 
dinative unsaturation at the metal  centre is responsible 
for the reactions of metal  carbonyl anions with molecu- 
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lar substrates. It is now established, for example, that 
the 14- and 13-electron ions Mn(CO) 3 and Fe(CO)~ 
react, by insertions into C - H  bonds with dimethyl 
ether  [18], methanol  [9,19], alkanes [9,21], cycloalkanes 
[20,21], and alkenes [7,22]. Less common insertions into 
C - C  bonds have been identified for the reactions of 
the 13-electron ion Cr(CO) 3 with aliphatic aldehydes, 
ketones and esters [23]. Drift cell ICR measurements  
have shown that Cr(CO)~, Fe(CO)~-, Co(CO) 2 and 
Co(CO)(NO)-  activate both C - H  and O - H  bonds in 
their respective reactions with alcohols [24], while flow- 
ing afterglow experiments have demonstrated that the 
ion HCr(CO)~- activates O - H  bonds in both alcohols 
and water  [25]. The O - H  bond activation in water and 
methanol  has been identified with the cationic species 
[Fe(CH3)] + in a recent t rapped ion study [26]. More- 
over, the 16-electron species V(CO)~ also has been 
shown to dehydrogenate methanol  via an initial oxida- 
tive insertion into to a C - H  bond, but is unreactive 
towards C 2 - C  4 alcohols because of steric constraints 
in a reaction intermediate [27]. 

More recently we have been involved in a compre-  
hensive t rapped ion /molecu le  study of the reactions of 
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the 13-electron ion Fe(CO)~- with methanol and five of 
its isotopomers, specifically CD3OH, CH3OD, CD3OD, 
13CH3OH and CH~SOH, in order to examine in detail 
the mechanisms of C - H  and O - H  bond activations 
and associated bond insertions by the metal centre. 
Three discrete and competitive reaction channels have 
been revealed for these seemingly simple systems as a 
result of using the isotopically labelled methanols [28]. 
Thus, for unlabelled methanol, three primary reaction 
products have been identified: [HFe(CO)(OCH3)]-, 
formed in a decarbonylation channel; Fe(CO)3, formed 
in a channel involving both C- H  and O - H  bond acti- 
vation and bis-dehydrogenation of a collision complex; 
and [(CH20)Fe(CO)2]-, formed in a separate channel 
involving the elimination of a single H 2 molecule [28]. 
An additional and significant secondary reaction has 
also been identified in which the primary product ion 
[HFe(CO)(OCH3)]- reacts further with methanol to 
give the bis-alkoxy-substituted metal carbonyl ion 
[(CH30)zFe(CO)]- at trapping times of several sec- 
onds [28]. As part of a continuing study of gas phase 
metal carbonyl anion chemistry [5-8,22,23,28], and in 
order to gain new insights into activations of C -H  and 
O - H  bonds by reactive metal centres, we have exam- 
ined in detail the trapped-ion/molecule reactions of 
the 13-electron linear ion [Fe(CO)2]- [29,30] with a 
representative series of fifteen unlabelled and isotopi- 
cally labelled primary, secondary, tertiary and cyclic 
C2-C 6 alcohols, and the results are presented below. 

2. Exper imenta l  sect ion 

All ion/molecule experiments were performed in a 
Bruker Spectrospin CMS-47 FTICR spectrometer. De- 
tails of this instrument, its associated operational pro- 
cedures and the experimental techniques employed for 

Table l 
Alcohols used in reaction with [Fe(CO) 2] 

Alcohol Isomer 

I 
II 
III 
IV 
V 
VI 
VII 
VIII 
IX 
X 
XI 
XlI 
XlII 
XIV 
XV 

C2HsOH 
CH3r3CHeOH 
CH3CD~OH 
C2HsOD 
n-C3H7OH 
i-C3H7OH 
i-C3H7OD 
n-CaH9OH 
i-CaH9OH 
s-C4H9OH 
t-CaH9OH 
t-C4HgOD 
n-CsH 11 OH 
n-C6H13OH 
c-C6HllOH 

ethanol 
ethyl-l-13C alcohol 
ethyl-l,l-d 2 alcohol 
ethan(ol-d) 
l-propanol 
2-propanol 
2-propanol(ol-d) 
1-butanol 
2-methyl-l-propanol 
2-butanol 
2-methyl-2-propanol 
2-methyl-2-propanol(ol-d) 
1-pentanol 
1-hexanol 
cyclohexanol 

1.0 
[Fe(CO)2]" 

[(CO)HFe(O13CH2CH3)] - 0.8 / / 
[COFe(O13CH2CH3)2]" 

~. //[(CO)2Fe(013CHCH3)]. O.6 

l/ZI ~ ) ~ 3  
0.4 CO] - 

0.2 ^ ~  

0.0 t 
0 1 2 3 4 5 6 7 8 

Time (s) 
Fig. 1. Variations of ion abundances with time for the reaction of 
[Fe(CO) 2] with ethyl-l-13C alcohol (II). I /~1  = ion abundance/ 
sum of ion abundances. 56Fe considered. 

examining ion/molecule reactions have been fully de- 
scribed [10,13,15]. 

Iron pentacarbonyl, Fe(CO)5, as the neutral precur- 
sor of Fe(CO) 2, was admitted along with all the volatile 
alcohols to the ICR cell through a 40°C temperature 
regulated inlet system via individual Balzers precision 
leak valves type BDV-035. The ICR cell temperature 
was somewhat above ambient, ca. 35°C. Electron ion- 
ization (5eV) of Fe(CO) 5 at a pressure of 5 × 10 -8 
mbar gave the ionic products Fe(CO)~- with x = 1 - 4, 
as previously described [7], from which Fe(CO)~ was 
mass selected to react with the relevant alcohol after 
the admission of the alcohol to the ICR cell to give a 
total pressure of 2.5 × 10 -7  mbar. Indicated pressures 
were measured with a Balzers IMR-132 ionization 
gauge positioned ca. 10 cm above the Balzers TPU-330 
turbomolecular pump [7]. Details of the relevant 
pulse/delay sequences employed in the various 
ion/molecule experiments have been given previously 
[5-81. 

Iron pentacarbonyl was obtained from Strem Chem- 
icals Inc and the alcohols were high purity samples 
from Aldrich, Fluka and BDH. These were admitted to 
the inlet system of the FTICR spectrometer after being 
subjected to multiple freeze-pump-thaw cycles to re- 
move non-condensables. The isotopically labelled alco- 
hols were obtained from Cambridge Isotope Laborato- 
ries and Sigma-Aldrich. Isotopic purities and specfic 
alcohol sample purities were routinely checked from 
low voltage positive ion mass spectra obtained with the 
CMS-47 FTICR instrument. 

3. Results  and d i scuss ion  

The fifteen C2-C 6 alcohols whose reactions with 
Fe(CO)~ were examined are listed in Table 1, while 
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Tables 2-5 identify the ionic reaction products and 
their abundances for all the Fe(CO)2/C2_ 6 alcohol 
systems at times (2 s) when the reaction of Fe(CO)y 
was complete. Representative plots of the variations 
with time of ionic product distributions ('time-plots'), 
Figs. 1-4, illustrate and identify the principal 
ion/molecule processes and ion decomposition path- 
ways for the Fe(CO)2/C2_6-alcohol reaction series 
and thereby contribute to mechanistic interpretations 
of the results. 

Three primary ionic products have been identified 
from the reactions of (I)-(IV) with Fe(CO)~-, Table 2, 
namely [(CO)(H)Fe(OR)]- a decarbonylated product 
formulated as an hydrido complex [25]; Fe(CO) 3, a 
rearrangement product arising from C H  4 and H 2 elim- 
inations from a collision complex, and a dehydro- 
genated ionic product [(CO)2Fe(OR-H)]-. A sec- 
ondary ionic product, [(CO)Fe(OR)2]- was formed at 
longer trapping times (seconds) from the reaction of 
[(CO)HFe(OR)]- with the alcohol ROH which was 

Table 2 
lonic product distributions for reactions of C2-alcohols with [Fe(CO) e l -  a 

Alcohol ROH  Ionic reaction products (%) 

R [(CO)(H)Fe(OR)]-  [(CO)Fe(OR)2 ] -  [Fe(CO)3 ] -  [(CO)2Fe(OR_H) ] 

CH 3 • CH 2 (I) 15 43 28 14 
CH 3 • 13CH2 (I1) 46 13 32 b 5 

CH 3 • CD 2 ( l i d  43 21 28 7 c 

CH3.  CH 2 a (IV) 11 e 24 40 25 

a Reaction delays of 2 s and [Fe(CO),]  = 0 (completely reacted) unless otherwise indicated. 
b [Fe(CO)2(13CO)]_ also (unreacted) [Fe(CO)2] -=  5%, 

c [(CO)2 Fe(OCDCH 3)] -. 
d IV = CH3CH2OD. 

c [(CO)(D)Fe(OCzH 5)]-" 

Table 3 
Ionic product distributions for reactions of C3-alcohols with [Fe(CO)2] -a  

Alcohol ROH Ionic reaction products (%) 

R [(CO)(H)Fe(OR)] [ (CO)Fe(OR)z l -  [Fe(CO)3]- [ (CO)2Fe(OR-H)]-  [ (CO)Fe(OR-H)]-  [ (CO)zFe(OR-H-Hz)] -  

n-C3H 7 (V) 2 5 10 0 0 82 
i_C3H7 b (VI) 8 13 0 8 10 60 
i_C3H7 c (VII) 11 d 5 0 5 11 65 

a React ion delays of 2 s and with [Fe (CO)2] -=  0 (completely reacted). 
b Reaction delay = 1.7 s. 

c VII = i-C3HTOD. 
d [(COXD)Fe(OC3HT)]-" 

Table 4 
Ionic product distributions for reactions of C4-alcohols with [Fe(CO)2] -a 

Alcohol ROH Ionic reaction products (%) 

R [(COXH)Fe(OR)] [(CO)Fe(OR)2]- [(Fe(OR)2]- [Fe(CO)3]- [(CO)2Fe(OR-H)] [(CO)Fe(OR-H)]- [(CO)2Fe(OR-H-H2) l -  

n - C a l l  9 (VIII) 0 5 0 8 5 0 82 
i-C4H 9 (IX) 0 8 8 8 0 l) 77 
s-C4H 9 (X) 5 1 1 0 0 2 91 
t -Cal l  9 (XI) 23 14 0 0 63 0 0 
t_CnH9 b (XlI) 15 c l 0 0 85 0 0 

a Reaction delays of 2 s and with [Fe(CO)2]-= 0 (completely reacted). 
b Xll = C4HgOD. 
c [(COXD)Fe(OC4Hg) ] . 

Table 5 
lonic product distributions for reactions of C 5- and C6-alcohols with [Fe(CO)2] -a 

Alcohol ROH Ionic reaction products (%) b 

R [(CO)Fe(OR)2]- [(CO)Fe(OR)]- [Fe(OR)2 ]-  [Fe(CO)3 ] - [(CO)2Fe(OR_H) ]-  [(CO)2Fe(OR.H_H2)] 7 [(CO)Fe(OR.H_H2) ] c 

n-CsHll (XIII) 3 0 6 11 0 71 8 
n_C6HI 3 d (XlV) 3 0 7 10 0 63 17 
c-C6H11 (XV) 0 14 0 0 7 80 0 

Reaction delays of 2 s and with [Fe(CO)2]-= 0 (completely reacted), unless otherwise indicated. 
h Ionic products corresponding to mono-decarbonylated collision complexes viz., [(COXH)Fe(OR)]- were not detected in this series. 
c Only the b/~-dehydrogenated and mono-decarbonylated ion was detected; ions of formulation [(CO)Fe(OR-H)]- were not detected. 
d Reaction delay 1.5 s. 
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1.0 

0.8 1~ [Fe(CO)2]- 
( ~ [(cO)2Fe(OO3H4)] " 

0.60.4 ~ ~ >  [(cO,H Fe(OC3H7,] " i  / I/'21 
\ / / [COFe(OC3H7)2] - 

0.2 ~ [Fe(CO)3] - 

0 0  , 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 

Time (s) 
Fig. 2. Variations of ion abundances with time for the reaction of 
[Fe(CO)2]- with 1-propanol (V). I/E1 = ion abundance/sum of ion 
abundances. 56Fe considered. 

1.0 
[Fe(CO)2]" 

0.60"8 O / / / [ ( C O ) 2 F e ( O C 4 H 6 )  ] . 

I/ZI 
0.4 

[(C~)Fe(OC4Hs) ] - 

0.2 ~ e ( O C 4 H 9 ) ]  - 

0.0 ' ' ~  ' 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Time (s) 

Fig. 3. Variations of ion abundances with time for the reaction of 
[Fe(CO)z]- with 2-butanol (X). [~El= ion abundance/sum of ion 
abundances. 56Fe considered. 

1.0 

0 ~ ( c 0 ) 2 ] "  
0.8 
0.6 k k ~  ~ [ ( C O ) 2 F ;  (0c4H8)] " 

I/ZI 
o.4 ~ / [(cOIDFe(OC4Hg)] 

0.2 

0.0 i 

0.0 0~5 1.0 1.5 2.0 2.5 3.0 
Time(s) 

Fig. 4. Variations of ion abundances with time for the reaction of 
[Fe(CO)2]- with 2-methyl-2-propan(ol-d) (XII). I /E I=  ion abun- 
dance/sum of ion abundances. 56Fe considered. Low abundances ca. 
1% of [(CO)Fe(OC4Hg)2]- were also detected at 2 s trapping times. 

present in excess. Formation of this secondary product 
may be rationalized in terms of an insertion of the 
metal centre into the O - H  alcohol bond, along with 
the elimination of H 2 from an unstable dihydrido 
intermediate; that is, in the reaction [(CO)HFe(OR)]-  
+ RO H  --* [ (CO)Fe(OR)2]-+ H 2. Use of the 13C la- 
belled alcohol CH13CH2OH, Fig. 1, gave results con- 
sistent with the time resolved data and conclusions for 
the reaction of I with Fe(CO) Z, vide supra, and further 
confirmed that the a-carbon site of metal centre is 
involved in the insertion into the alcohol, since only the 
ion with m/z 141, viz. [Fe(CO)2(t3CO)] -, was de- 
tected, and no ionic product at m/z 140. Concomitant 
alkane (CH 4) and dihydrogen elimination from a colli- 
sion complex may thus be proposed for this particular 
reaction channel. It is noteworthy that alkane elimina- 
tions have been identified previously in trapped ion 
reactions of aldehydes with the 13-electron ion 
Cr(CO)f ,  which led, in one reaction channel, to the 
formation of the tetracarbonyl anion Cr(CO)~- [23]. 
The identity of the dehydrogenated product formed in 
a separate reaction channel for the present C2-al- 
coho l /Fe (CO)  2 systems was further confirmed by the 
use of ( l i d  CH3CD2OH (III) which yielded the pri- 
mary product ion [(CO)2Fe(OCDCH 3)]-, and at longer 
ion trapping times (2-3.5 s) the ionic product 
[(CO)Fe(OCD2CH3)2]-,  which comes from the sec- 
ondary [ (CO)HFe(OCD2CH3)] - /CH3CD2OH reac- 
tion (see Table 2). 

For n-C3HyOH (V) (Table 3), and the other pri- 
mary alcohols (VIII) and (IX), (Table 4), and (XIII) and 
(XIV) (Table 5) reaction and ion decomposition chan- 
nels similar to those for the C 2 alcohols can be de- 
fined. These channels, which are respectively labelled 
A, B and C, are summarized in Scheme 1. However, in 
the case of these C3-C 6 primary alcohols viz., (V), 
(VIII), (IX), (XIII), (XIV) the most abundant ionic 
product was identified as a bis-dehydrogenated species 
[ ( C O ) 2 F e ( O R - H - H 2 ) ] -  (Fig. 2), a bis-dehydrogenated 
[Fe(CO)~/alcohol]  adduct. We suggest that this ionic 
product is formed as a consequence of hydrogen atom 
migrations from the /3- and y-carbon atoms of a 
mono-dehydrogenated-alcohol/Fe(CO)~- precursor to 
the metal centre to give an unstable intermediate that 
undergoes a further H e elimination to give an 'r/4-un - 
saturated aldehyde ligand species bonded to Fe(CO)~-, 
XVI (Scheme 1, channel D). In an earlier drift cell ICR 
study of the reactions of the 13-electron ion Cr(CO) 3 
with C3-C 6 alcohols a comparable bis-dehydrogena- 
tion channel was identified [24]. 

O 

XVI 
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[Fe(CO)2] - + CnH2n+l OH 

[Collision complex]*" 

r ~ /  AIkane a n d ~  Dehydrogenation 
Decarbonylation/ I H2 elimination ",,q,hannel 
o h a n n ~ "  O [ ~  lchannel# 

[(CO)HFe(OCnH2n+I )]- [Fe(CO)3 ] - [(CO)2Fe(OCnH2n) ] - 

+CnH2n+IOH [~]## 
[ -H2 #For ~ C2 primary alc°hols' [ -H2 

On-lH2n and H 2 elimination. 

#For C1 alcohols 2H 2 
[(CO)Fe(OCnH2n+l)2] - e l im ina t i on  [(CO)2FeOCnH2n-2)]- 

##for n ~> 3 

Scheme 1. 

Another consistent ionic product from the reactions 
of the C3-C 6 primary alcohols with Fe(CO)~- is 
Fe(CO) 3 which, as previously noted for the 
Fe(CO)y/methanol system [28], is the product of a 
reaction channel involving oxidative activation of both 
C-H and O-H bonds and bis-dehydrogenation of a 
collision complex. 

The secondary alcohols (VI), (VII), (X) and (XV) 
reacted differently with Fe(CO)~ (Tables 3-5 and Fig. 
3). Significantly no Fe(CO) 3 product ions were de- 
tected, presumably due to the non-availability of two 
c~-C atom hydrogens to migrate from the alcohol to the 
metal centre and allow the elimination of the corre- 
sponding alkane and H2, Scheme 1, Channel B. The 
preferred reaction channel in all these cases was that 
which resulted in bis-dehydrogenation from the colli- 
sion complex shown in Scheme 1, Channels C and D, 
and which is exemplified by the time-plot for the 
2-butanol/Fe(CO)~- system given in Fig. 3. The termi- 
nal product ion in this case is an r/4-unsaturated ke- 
tone ligand-Fe(CO)~- species, bonded similarly to XVI, 
and also similarly to ionic products previously identi- 
fied as arising by dehydrogenation of ketone-Cr(CO) 3 
systems [23]. 

As with the secondary alcohols, and for complemen- 
tary reasons to those given above, the tertiary and 
cyclic alcohols (XI), (XII) and (XV) do not react with 
Fe(CO)~- via alkane and H 2 eliminations to form 
Fe(CO) 3 product ions. Fig. 4 presents a typical time 
resolved data plot for these systems; namely that for 
the (CH3)3COD/Fe(CO) ~- reaction. Apart from 
mono- and bis-decarbonylated product ions, the princi- 
pal product for this system was the mono-dehydro- 
genated species. Isotopic labelling revealed that these 
ions arise as a consequence of H 2 ( o r  HD) elimination 
from a bis-hydrido (or HD) intermediate formed by 

metal centre insertion into the O-H (or O-D) alcohol 
bond and H-migration from an alcohol /3-carbon atom 
to the metal centre. 

In conclusion, a further diversity of reactions which 
include C-H and O - H  bond activations, metal centre 
oxidative insertions, dehydrogenation alkane elimina- 
tions and decarbonylation processes, depending on the 
structure of the alcohol, have been identified in the 
reactions of this C2_ 6 alcohol series with the 13-elec- 
tron coordinatively unsaturated Fe(CO)~ ion. The 
principal aim of this study has been realized with the 
definition of the several competitive reaction channels 
(Scheme 1) involved in the trapped-ion/molecule study 
of the fifteen Fe(CO)~/alcohol systems. 
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